cip1/waf1/sdi1 is a universal cyclin-Cdk kinase inhibitor that has two functional domains; one binds and inhibits cyclin-Cdk activity and the other binds PCNA and thereby inhibits elongation by DNA polymerase. When transiently expressed in hamster BHK21 cells we found that human p21 was able to cause cell cycle arrest in G1 phase; this arrest was counteracted by coexpression of E2F-1 or SV40 large T antigen. To study the eect of p21 overexpression in vivo, BHK21 cell clones inducibly expressing human p21 (Tet-p21) driven by the tetracycline (Tet)-repressible promoter were established. The maximum induced p21 levels in the absence of Tet were estimated to be ten times that of endogenous hamster p21. As p21 levels rose following removal of Tet, p21-associated histone H1 kinase activity was increased and concomitantly cell growth and DNA synthesis were reduced. Tet-p21 BHK21 cells became arrested in G1 phase and lost colony forming ability irreversibly 2 ± 4 days after removal of Tet. The induction of cyclin E-and cyclin A-associated kinase activities was diminished when G0-synchronized Tet-p21 BHK21 cells were serum stimulated in the absence of Tet. Increased binding of p21 to PCNA and cyclin D1-Cdk4 was detected in induced cells. Overexpression of p21 led to cell death in BHK21 cells at 39.58C within 4 days.
Introduction
In mammalian cells, the G1 phase of the cell cycle is the most important phase for growth factor regulated cell cycle progression. G1 cyclins, such as the D-type cyclins and cyclin E are essential players in progression through G1 (Ohtsubo et al., 1995; Quelle et al., 1993) . The kinase activities of these G1 cyclin-Cdk complexes can be regulated by two families of protein inhibitors, the p21 family, which includes p27, and p57, and the p16 family, which includes p15, p18, and p19 (reviewed by Sherr and Roberts, 1995) . p21
waf1/cip1/sdi1 was originally discovered through various lines of research. p21
waf1 was identi®ed as a target gene for the p53 transcription factor, being expressed in a p53-dependent manner in U.V.-irradiated cells (El-Deiry et al., 1993) . p21 cip1 was found as a binding partner for Cdk2 in a yeast two hybrid screen and shown to be an inhibitor of various cyclin-Cdk kinases (Harper et al., 1993) . p21 sdi1 was also found as a protein present at elevated levels in senescent human cells (Noda et al., 1994) . p21 waf1/cip1/sdi1 is also the 21 kDa protein present in cyclin-Cdk complexes immunoprecipitated from normal human diploid ®broblasts (Xiong et al., 1992 . p21 waf1/cip1/sdi1 is thought to play a role in cell cycle control in response to DNA damage, although p21 is not essential for cell growth or cell death as shown by a study of p21 knockout mice and p21-de®cient cells (Brugarolas et al., 1995; Deng et al., 1995) . Indeed, the fact that p21 knockout mice develop normally combined with the low level of p21 present in normal cultured cells, indicates that p21 does not play a major role in cell growth in vivo under normal conditions, even though p21 is induced in cultured myoblasts and some hematopoietic cells undergoing dierentiation (Halevy et al., 1995; Parker et al., 1995; Steinman et al., 1994) , and is required for survival of dierentiating neuroblastoma cells (Poluha et al., 1996) . Instead, p21 seems likely to be important for responses to DNA damage. p21
7 cells fail to arrest properly after DNA damage (Brugarolas et al., 1995; Deng et al., 1995; Waldman et al., 1995 Waldman et al., , 1996 . p21 induction is observed in many situations leading to apoptotic cell death, especially those which require p53. However, although p21 is induced by DNA-damaging agents and can play an important role in subsequent cell cycle arrest, the expression of other genes is also in¯uenced by these stimuli, especially in cells expressing wild type p53, which can induce several target genes. Nevertheless, experiments in which p21 levels alone are manipulated may shed some light on the interpretation of above phenotypes. As an example, it has recently been shown that partial hepatectomy fails to stimulate hepatocytes to proliferate in transgenic mice expressing p21 under the liver-speci®c transthyretin promoter . p21 has two protein binding domains; the Nterminal 80 residues, which are conserved in p27 and p57, bind and inhibit cyclin-Cdk complexes, and a short sequence near the C-terminus, which binds proliferating cell nuclear antigen (PCNA) (Chen et al., 1995a,b; 1996a,b,c; Fotedar et al., 1996; Goubin and Ducommun, 1995; Hall et al., 1995; Lin et al., 1996; Luo et al., 1995; Nakanishi et al., 1995a,b) . Previous studies showed that p21 causes cell cycle arrest by binding to G1 cyclin-Cdk kinases and inhibiting their kinase activities (reviewed by Sherr and Roberts, 1995) . Based on the structure of a complex between the related inhibitor p27, and cyclin A-Cdk2, one can deduce that the N-terminal inhibitory domain of p21 interacts with a groove on the surface of the cyclin through the conserved LFG sequence near the N-terminus of the inhibitory domain, allowing the C-terminal end of the inhibitory domain to displace the ®rst b strand of the N-terminal lobe of the Cdk thus disrupting the ATP-binding site (Russo et al., 1996) . Recently, a second cyclin-binding motif near the C terminus of p21 has been identi®ed, which can independently inhibit cyclin-Cdk activity towards certain substrates (Adams et al., 1996; Ball et al., 1997) . p21 binding to PCNA inhibits chain extension of DNA during DNA replication in the SV40 DNA replication system in vitro , whereas inhibition of cyclin-Cdk activity is responsible for p21-dependent inhibition of DNA replication in the Xenopus system (Chen et al., 1995b; Jackson et al., 1995; Strausfeld et al., 1994) . Both activities can inhibit DNA replication in mammalian cells (Chen et al., 1996c; Luo et al., 1995; Nakanishi et al., 1995b) . p21 can also block PCNA-dependent nucleotide-excision repair under some (Flores-Rozas et al., 1994; Li et al., 1994; Shivji et al., 1994) but not all conditions (Pan et al., 1995) .
To investigate the impact of p21 on cell cycle progression and cell death, we established BHK21 cell lines expressing human p21 conditionally under a Tetrepressible promoter. In these cell lines removal of Tet resulted in about a tenfold increase in p21 expression, slower growth and cell-cycle arrest, and caused cell death.
Results

Establishment of BHK21 cell lines inducibly expressing p21
Human p21 cDNA was subcloned into a tetracycline (Tet)-repressible expression vector (Gossen and Bujard, 1992) . To determine whether overexpression of human p21 causes cell cycle arrest in hamster BHK21 cells, we transiently transfected the Tetregulated human p21 expression vector into hamster cells together with a CD20 expression vector. In CD20-positive cells, a signi®cant decrease in the percentage of cells in S phase and a concomitant increase in those in G1 phase was observed in the absence of Tet (induced condition) but not in the presence of Tet (uninduced condition) or in control vector expressing cells (Figure 1a ± d,i ± k). Cell cycle arrest caused by g-irradiation or TGF-b, or in tsBN462 cells at the nonpermissive temperature may result from an inability to release the E2F transcription factor from Rb and Rb family proteins, due to p21-mediated inhibition of cyclin D-Cdk and cyclin E-Cdk complex kinase activity and/or a decrease in cyclin D-Cdk levels DeGregori et al., 1995; Sekiguchi et al., 1996) . E2F-1 can overcome TGF-b-induced cell cycle arrest (Schwarz et al., 1995) and temperaturedependent cell cycle arrest in tsBN462 cells (TS and TH, unpublished results) . To test if the observed cell cycle arrest was due to a failure to activate E2F-1, we cotransfected an E2F-1 expression vector with the Tet-regulated p21 vector. Expression of E2F-1 overrode the p21 induced cell cycle arrest. SV40 T antigen, which activates E2F via direct displacement from Rb and Rb family members, also rescued the p21 induced arrest (Figure 1e ± h,k) .
Next, we established stable clonal cell lines expressing human p21 under the control of a Tetrepressible promoter (Gossen and Bujard, 1992) . For this purpose, the Tet-repressible human p21 expression vector was cotransfected into hamster wild type BHK21 cells with the tTA tetracycline repressor-VP16 expression vector (hygromycin resistance) by the calcium phosphate method. Clones which expressed a Figure 1 Transiently transfected human p21 causes cell cycle arrest in hamster BHK21 cells. Five610 5 cells were transiently cotransfected with various DNAs shown below and a CD20 expression vector as described in Materials and methods. The cells were exposed to FITC-conjugated anti-CD20 antibody and then ®xed with 70% ethanol and stained with propidium iodide for FACScan analysis. The CD20 negative population is shown in the left panels and the CD20 positive population in the right panels. Percentage of each cell cycle phase in each cell population from a ± j is shown low basal level of human p21 that were induced to dierent levels upon removal of Tet were identi®ed (Tet-p21-1, Tet-p21-2, Tet-p21-3, Tet-p21-4, Tet-p21-5 (Figure 2a) ). Clones Tet-p21-1, Tet-p21-3, Tet-p21-5 expressed a very low level of p21 in the presence of Tet and exhibited about tenfold increase in human p21 protein level upon removal of Tet. Consistent with the increase in protein level, human p21 RNA increased about tenfold upon removal of Tet in Tet-p21-1 cells but was not detected in control cells (Figure 2b left  panel) . To compare the levels of human p21 and endogenous hamster p21 RNAs, Northern blot analysis using a mixture of human and hamster p21 cDNA fragments as probes was performed (Figure 2b right panel). Phosphorimager analysis showed that the endogenous hamster p21 mRNA level was almost equivalent to that of human p21 in uninduced condition. Thus, the level of p21 RNA in uninduced Tet-p21-1 cells was about twofold higher than in BHK21 cells, and about tenfold higher in induced cells.
Histone H1 kinase activity associated with p21
In an initial attempt to study the eects of p21 expression on cyclin-Cdk activity, we examined the level of histone H1 kinase activity associated with p21. When p21 expression was induced in growing Tet-p21-1 and Tet-p21-3 cells, p21-associated histone H1 kinase activity increased about fourfold reaching a maximum between 10 and 15 h and declining thereafter (Figure 3a,b) . In control cells, which contain the tTA vector, a constant low level of histone H1 kinase activity was detected in anti-p21 immunoprecipitates, which is presumably due to cyclin-Cdk's associated with endogenous hamster p21, which is recognized by the anti-p21 antibody used in this assay (Sekiguchi et al., 1996) , although the anity for hamster p21 may be weaker than for human p21. Under the conditions where p21 increased, the levels of Cdc2 and Cdk2 did not change signi®cantly (Figure 3c ). To ®nd out when Tet-p21 cells stopped growing and lost colony forming ability upon induction of p21, the colony forming ability of Tet-p21-1, Tet-p21-2, Tetp21-3, Tet-p21-4, Tet-p21-5 and control cells was examined at dierent times after Tet removal was examined in Figure 5a . After Tet removal for the days indicated, Tet was added to the culture to allow cells under arrest to grow again. While control cells showed constant colony forming ability after Tet removal and Tet addition, all the Tet-p21 cell clones showed a signi®cant decrease in colony forming ability starting 4 days after Tet removal, suggesting that Tet-p21 cells stopped growing irreversibly somewhere between 2 and 4 days after Tet removal. Tet-p21-3 cells showed the most signi®cant decrease in colony forming ability 4 days after Tet removal. Consistent with the colony forming data, FACScan analysis showed that Tet-p21-3 cells arrested 2 days after Tet removal, whereas Tetp21-1 cells arrested in G1 4 days after Tet removal, with an increased G1 and decreased S phase population ( Figure 6 ) (note that the 15% of cells in the S phase window is approximately the level found in quiescent cells and probably represents a basal level of S phase activity). Control cells continued growing under these conditions.
Readdition of Tet to Tet-p21-3 cells after 4 days resulted in loss of p21 expression (Figure 5b) , showing that the Tet regulated promoter could still be inactivated and that the accumulated p21 was degraded. However, despite the loss of p21 the cells did not begin to grow again, indicating that p21 overexpression for 4 days results in an irreversible p21-independent growth arrest.
These data imply that Tet-p21 cells arrest in G1 phase, and therefore one might expect the entry of serum-stimulated G0-synchronized Tet-p21 cells into S phase to be delayed after Tet removal. To test this Tetp21-1 and control cells were arrested at G0 by serum starvation and were released by the addition of serum. FACScan analysis revealed that the entry of Tet-p21-1 cells into S phase was delayed about 5 h in the absence of Tet removal (Figure 7 , upper graph), whereas control cells with or without Tet entered S phase at the same time as Tet-p21-1 cells in the presence of Tet (Figure 7 , lower graph). Since p21 inhibits cyclin-Cdk kinase activity, we measured kinase activities associated with cyclin E and cyclin A in induced and uninduced Tetp21-1 cells, using Rb as a substrate for cyclin Eassociated kinase activity, and histone H1 for cyclin Aassociated kinase activity. Cyclin E-associated Rb kinase activity was signi®cantly decreased in induced Tet-p21-1 cells (Figure 8a ). Cyclin A-associated activity was also decreased in induced cells (Figure 8b ). Cdk2-associated activity was also decreased (data not shown). Cyclin E is a binding partner for Cdk2, and is a G1 cyclin and essential for G1 progression. Cyclin A is a binding partner for Cdk2 and Cdc2, and is essential for S phase. A signi®cant decrease in the activities of cyclin E-Cdk2 and cyclin A-Cdk2 would be expected to result in decreased rate of G1 progression and DNA synthesis as observed above.
Increased binding of p21 to PCNA, Cdk2, Cdc2 and cyclin D1-Cdk4 under induced conditions
The level of association of cyclins, Cdks and PCNA with p21 and with each other was assessed by immunoprecipitation of 35 S-labeled cell extracts with the relevant antibodies. Increased association of p21 with PCNA was found upon induction of p21 in both Tet-p21-1 and Tet-p21-3 cells (Figure 9a ). This suggests that the decrease in DNA synthesis observed in Figure  4b could in part be due to the association of p21 with PCNA. Increased levels of Cdk2, Cdc2 and cyclin D1 were also found associated with p21 upon induction (Figure 9b ). Immunoblotting of anti-p21 immunoprecipitates con®rmed the increased association of p21 with PCNA, and demonstrated association of p21 with cyclin D1 and Cdk4 in induced cells (Figure 9c ). No association of p21 was observed with cyclin D1, Cdks and PCNA in control cells. 
Loss of viability of p21 inducible cells in p21-induced condition
In preliminary experiments we noted that p21-Tet cells lost colony-forming ability after induction of p21 and that this eect was enhanced at higher growth temperatures. At 33.58C induced p21-Tet cells stopped growing but remained attached to the dish, whereas at 39.58C they rounded up and detached from the dish. To examine this systematically, the colony-forming ability of Tet-p21-3 and control cells grown at 39.58C in the absence of Tet for the times indicated was tested by shifting the cells to 33.58C in the presence of Tet. While control cells showed similar colony forming ability after Tet removal, Tet-p21-3 cells showed a signi®cant decrease in colony-forming ability starting 1 day after Tet removal ( Figure 10a ). When compared with the colony-forming ability of Tet-p21-3 cells at 33.58C (Figure 5a ), the loss of colony-forming ability was clearly accelerated at 39.58C.
To investigate whether the cell death observed at 39.58C occurred through an apoptotic pathway, we examined DNA integrity in Tet-p21-3 cells grown at 39.58C for 2 days in the presence or absence of Tet (Figure 10b ). DNA degradation was visible in the SYBR green I stained gel in the absence of Tet after 3 days at 39.58C but not at 33.58C. U.V.-C irradiation, which causes apoptosis in many cells, was used as a positive control for apoptosis. U.V.-C irradiation induced DNA laddering typical of apoptosis in Tetp21-3 cells in the presence of Tet (Figure 10b) . However, the staining pattern of degraded DNA induced at 39.58C in Tet-p21-3 cells in the absence of Tet was distinct from the ladder type DNA fragmentation induced by U.V.-C. This was con®rmed by hybridization of DNA blotted onto a nylon membrane with 32 P-labeled total hamster DNA (data not shown). We also examined whether overexpression of p21 had an eect on U.V.-C-induced apoptosis by irradiating Tet-p21-3 and control cells with various doses of U.V.-C. The extent of DNA fragmentation induced by U.V.-C irradiation of Tet-p21-3 cells was not decreased upon the expression of p21, but rather it was slightly increased (data not shown), indicating that p21 does not play a protective role in U.V.-C induced apoptosis in BHK21 cells, and may even synergize with U.V.-C irradiation in causing cell death. Serum deprivation, which induces cell death in cultured cells under some conditions (Evan et al., 1992) , also caused a signi®cant increase in Tet-p21-3 cell death in the absence of Tet but not in control cells when the numbers of viable cells remaining after 2 days at 39.58C in 0.25% serum were compared (data not shown).
As another marker of apoptotic cell death, we assayed for caspase activation in Tet-p21 cells under various conditions using an anti-Cpp32 antibody to (Figure 10c ). We were able to detect Cpp32 protein in the parental BHK21 cells, and a signi®cant amount of the active 11 kDa Cpp32 cleavage product was observed in U.V.-C irradiated cells. Tet-p21-3 cells appeared to have a higher basal level of p11 than BHK21 cells, but the level of p11 was increased further upon U.V. irradiation. In contrast, no signi®cant increase in p11 was observed in Tet-p21-3 cells when p21 was induced in the absence of Tet at 39.58C. Likewise, we were unable to detect signi®cant degradation of poly-ADP ribose polymerase (PARP) in Tet-p21 cells grown at 39.58C in the absence of Tet (data not shown). Finally, caspase inhibitor peptides did not block cell death in the absence of Tet at 39.58C (data not shown). The lack of apoptotic markers suggests that p21-induced death of Tet-p21 cells occurs by a nonapoptotic mechanism.
Discussion
In this study we established BHK21 hamster ®broblast clones in which the level of p21 expression can be induced more than tenfold. Overexpression of p21 resulted in slowed growth, diminished DNA replication, cell cycle arrest in G1 and cell death. p27 kip1 belongs to the same family of cyclin-Cdk inhibitors as p21 and exhibits similar inhibitory speci®city. In a study similar to ours, in which p27 was expressed under tetracycline regulation in MvLu1 mink epithelial cells, a sevenfold increase in p27 was found to be sucient to inhibit 90% of the Cdk2 activity and cause a 75% drop in DNA synthesis in growing cells (Reynisdottir et al., 1995) .
p21 RNA was induced in Tet-p21-1 cells to a level *tenfold higher than that of endogenous hamster p21 RNA (Figure 2b ). Upon induction of p21, Tet-p21-1 and other Tet-p21 cells became larger, suggesting that they continued to grow in the absence of DNA replication, a phenomenon that is also observed in ®broblast senescence (Cristofalo et al., 1989) . Consistent with this, a tenfold increase of p21 RNA has been observed as human ®broblasts become senescent (Noda et al., 1994) , and increases in p21 RNA and protein are also found when human ®broblasts immortalized by the temperature-sensitive simian virus 40 T antigen are shifted to nonpermissive temperature, resulting in morphological characteristics of senescent ®broblasts (Tsao et al., 1995 other p53-dependent genes are also induced in irradiated cells, it is likely that p21 is responsible for cell cycle arrest. Consistent with this idea, it has been reported that the induced level of p21 in U.V.-irradiated cells is sucient to account for the observed inhibition Cdk2 activity, and may in part account for the decrease in Cdk4 activity (Poon et al., 1996) . Based on the ability of a tenfold increase in p21 to cause cell cycle arrest in Tet-p21-1 cells, the level of p21 in human senescent cells could be high enough to have a causal role in the growth arrest of senescent human cells.
We observed an increase in p21-associated histone H1 kinase activity upon induction of p21. This is consistent with previous reports of p21-associated histone H1 kinase activity Zhang et al., 1994) . One interpretation of this observation is that more than one p21 molecule is required to inhibit cyclin-Cdk kinases or that there are inhibitory and noninhibitory binding sites. In keeping with the latter idea, p21 has been shown to have distinct binding sites for cyclins and for Cdks at the N-terminal region of p21, and it is possible to obtain an active cyclin-Cdk/ p21 complex in which only the cyclin binding site is used (Chen et al., 1996c; Fotedar et al., 1996) . There is also a second cyclin binding site near the C terminus of p21 (Adams et al., 1996; Ball et al., 1997) , and binding to cyclin-Cdk via this site may also allow the formation of an active cyclin-Cdk/p21 complex. The structure of the p27/cyclin A-Cdk2 complex (Russo et al., 1996) shows that p27 is bound independently to the cyclin subunit and to the Cdk subunit in an inhibited complex, with inhibition being due to the interaction with the Cdk subunit. This suggests that it might be Inhibition of cyclin E-associated and cyclin A-associated kinase activities by p21. Tet-p21-1 and control cells were arrested at G0 by growth 0.25% serum for 3 days and released by adding 10% serum at 0 h. Samples were collected and cyclin E immunoprecipitates (a) were tested for Rb kinase activity and cyclin A (b) immunoprecipitates were tested for histone H1 kinase activity. PhosphorImager images of each sample are shown next to graphs. Cell lines and condition are shown next to graphs possible to generate an active p21/cyclin-Cdk complex in which a p21 molecule is bound to a cyclin-Cdk complex via the RRLFG sequence in the inhibitory domain or via the RRLIF sequence near the Cterminus to the cyclin subunit without interacting with the Cdk subunit. Indeed, p21 bound via the Cterminal motif might not be able to interact productively with the Cdk to achieve an inhibited state. The kinetics of p21-associated cyclin-Cdk activity following induction of p21 in Tet-p21 cells are consistent with the idea that as p21 levels increase the active p21/cyclinCdk complexes that are formed are converted into inhibited complexes as the level of p21 reaches a critical concentration.
p21 overexpression has been reported to block cells in G1, consistent with its ability to inhibit the activities of G1 cyclin-Cdk complexes (Harper et al., 1993) . More recent analysis, however, has indicated that for p21 to induce a G1 arrest, the cells have to contain functional Rb (S Reed, personal communication). Overexpression of p21 in BHK21 cells resulted in an accumulation of cells in G1, consistent with the fact that they express wild type Rb, and in signi®cant repression of cyclin E-and cyclin A-associated kinase activities in serum-stimulated Tet-p21 cells. Since cyclin E-Cdk2 and cyclin A-Cdk2 are essential for entry into and progression through S phase, inhibition of these Cdk activities is likely to be a major factor responsible for the prolonged G1 phase and the slowed growth rate.
In other systems, p21 and p27 have been found to play a physiological role in growth arrest by inhibiting cyclin-Cdk kinase activity. For instance, the growth arrest of WEHI-231 cells caused by anti-IgM treatment has been shown to occur through inhibition of cyclin A-Cdk2 kinase activity due to an increase in p27 levels (Ezhevsky et al., 1996) . TGF-b treatment of HaCaT keratinocytes causes a G1 cell cycle arrest and a concomitant tenfold increase in p21, which correrlates with an increase in Cdk2-associated p21 and with Cdk2 inhibition Reynisdottir et al., 1995) . Wu et al. (1996) showed that induction of p21 caused a G1 cell cycle arrest in hepatocytes of p21 transgenic mice, but they suggested that inactivation of cyclin D-Cdk4 by p21 rather than cyclin-Cdk2 was responsible for cell cycle arrest in G1 phase.
In Tet-p21-1 cells we found that ectopically expressed p21 was mostly associated with Cdk2 leading to inhibition of cyclin-Cdk2 activity. A small increase in binding of p21 to cyclin D1 and Cdk4 was also detected, but we did not observe a signi®cant decrease in cyclin D-Cdk kinase activity and overexpression of cyclin D1 did not override p21 induced cell cycle arrest (TS and TH, unpublished observations) , suggesting that binding of p21 to cyclin D1-Cdk4 is not a major cause of cell cycle arrest observed in Tet-p21 BHK21 cells. We conclude that p21-dependent inhibition of cyclin E-Cdk2 and cyclin ACdk2 is likely to be the main cause of cell cycle arrest. In addition, PCNA became associated with p21 following p21 induction (Figure 9 ), which might be another mechanism for inhibiting DNA synthesis. Taken together our data suggest that there may be multiple mechanisms underlying p21-induced arrest of Tet-p21 BHK21 cells, which include binding to and inhibition of cyclin-Cdk and PCNA activities.
Overexpression of p21 in BHK21 cells induced cell death at 39.58C. Cell death could have occurred through apoptosis or necrosis. Tet-p21-3 cells showed signi®cant DNA degradation when p21 was induced at 39.58C, but DNA laddering typical of apoptotic cells was not apparent nor could we detect other features of apoptosis in these cells. Thus, p21-induced cell death may have been due to necrosis. The fact that p21 overexpression increased Tet-p21 cell death at 39.58C but not 33.58C and that this eect was enhanced by withdrawal of serum suggests that stress in combination with p21 induction is required for the activation of cell death pathways in p21-Tet cells. Overexpression of p21 in p21-Tet cells at 33.58C did not result in cell death, but instead caused a prolonged cell cycle arrest and induced an increase in cell size similar to that seen in senescent cells as discussed above. Consistent with this observation, p21 elevation through induction of p53 did not cause K562 cells to undergo apoptosis at 328C (Kobayashi et al., 1995) . Moreover, overexpres- Growth arrest by p21 T Sekiguchi and T Hunter sion of p21 from an adenovirus vector in a variety of tumor cell lines caused an accumulation of cells in G0/ G1, an altered morphology, and induced cell differentiation; in some cell lines p21 expression resulted in cell death, but there was no evidence of apoptosis (Yang et al., 1995) . Recently, ectopic expression of p21 was found to play a protective role against apoptosis induced in murine C2C12 myocytes by mitogen deprivation and in human RKO colorectal carcinoma cells induced by protaglandin A 2 (Wang and Walsh, 1996; Gorospe et al., 1996) . However, we did not observe a protective eect of p21 against U.V.-induced apoptosis in BHK21 cells.
Cell growth and cell death are believed to be balanced by positive and negative growth signals. Cell death may be triggered by checkpoint controls when cells remain for too long at one place in the cell cycle. In p21-Tet cells the p21-induced arrest or delay in progression through G1 into S phase may trigger cell death.
Materials and methods
Cell lines and cell culture conditions
Hamster BHK21 cells were cultured in Dulbecco's modi®ed Eagle medium (DME) containing 10% calf serum (CS), penicillin (100 U/ml), and streptomycin (100 mg/ml) in a humidi®ed atmosphere of 10% CO 2 -90% air. Tet-p21 cells were cultured in DME containing 10% CS and tetracycline (1 mg/ml) and hygromycin (384 mg/ml). While performing Tet removal experiments repeatedly, we found that data were more consistent at 33.58C than at 37.58C, possibly because Tet is more stable at 33.58C. Moreover, we could synchronize p21-Tet cells at 33.58C but could not at 37.58C in low serum due to cell death. Thus, cells were maintained at 33.58C and where indicated shifted to 39.58C. Cultures were washed with TD buer (Tris-buered saline containing 136.8 mM NaCl, 5 mM KCl, 0.7 mM Na 2 HPO 4 and 25 mM Tris-HCl, pH 7.4).
Rb and histone HI kinase assays
Rb and histone HI kinase assays were performed according to Resnitzky et al. (1994) , using GST-Rb (Welch and Wang, 1993) and histone HI (Boehringer Mannheim, Indianapolis, IN) as substrates with 50 mM ATP in the reaction mixture.
DNA transfection and FACScan
A BamHI 2 kbp fragment of human p21 cDNA (Noda et al., 1994) was subcloned into the Tet-repressible vector (Gossen and Bujard, 1992) . The Tet-p21, E2F-1 (Kaelin et al., 1992) , SV40 large T antigen (Ariga and Sugano, 1983) (20 mg/dish) and CD20 (2 mg/dish) vectors were transfected into cultures of BHK21 cells (2610 5 cells per 100 mm diameter dish) by the calcium phosphate precipitation method as previously described (Sekiguchi et al., 1991) . Transfected cells were grown for 17 h, washed once with isotonic buer, and then grown for 48 h. For stable transformation of tetracycline vectors, Tet-p21 and Tetrepressible vector into BHK21 cells, cells were exposed to hygromycin-containing medium until colonies appeared. Several independent colonies were isolated and were examined for their Tet-dependent p21 expression. Control cells were examined for their expression of Tet-dependent tTA-driven gene expression by using Tet-inducible luciferase vector. For FACScan analysis, cells were collected by trypsinization after being washed with PBS. Cells were mixed with 20 ml of anti-CD20 monoclonal antibody (Becton Dickinson) for 30 min, washed with PBS, ®xed with 70% ethanol for 1 h and following treatment with RNase A (1 mg/ml) were stained with propidium iodide (0.1% sodium citrate, propidium iodide, 50 mg/ml). Cells were processed by FACScan (Becton Dickinson).
Antibodies
The anti-Cdc2 antiserum was provided by Dr N Watanabe (Watanabe et al., 1995) . The polyclonal anti-cyclin D1 antiserum was kindly provided by Dr W Jiang (Poon et al., 1996) . The anti-cyclin E antiserum was provided by Dr J Roberts (Ohtsubo et al., 1995) . The anti-cyclin A and antiCdk2 antiserum and hamster cDNA library were kindly provided by Dr T Nishimoto (Noguchi et al., 1993) . The anti-human p21 (15431E), anti-Cdk4 and anti-PCNA antisera were obtained from Pharmingen (La Jolla, CA).
In vivo labeling of proteins, immunoprecipitation and immunoblotting One610 6 cells were labeled with 100 mCi/ml of 35 Smethionine for 4 h (TranS 35 label, ICN, Costa Mesa, CA) and washed with PBS three times. The cells were then lysed in the lysis buer (50 mM Tris-HCl pH 7.4, 5 mM NaF, 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 0.1% NP40, 10 mg/ml aprotinin, 10 mg/ml leupeptin and 10 mg/ml pepstatin) and clari®ed by centrifugation at 10 000 g for 10 min. Cell extracts were pre-cleared with protein ASepharose (50% v/v), and incubated with 30 ml of protein A-Sepharose (50% v/v) for an additional hour. The cell extracts were incubated with each antiserum for 1 h at 48C and incubated with protein A-Sepharose (50% v/v) for an additional hour.
Immunoprecipitates were collected by centrifugation, washed ®ve times with the lysis buer at 48C suspended in sample buer containing 62.5 mM Tris-HCl (pH 6.8), 10 mM 2-mercaptoethanol, 3% (wt/vol) SDS and 20% glycerol and then boiled. Protein samples were electrophoresed in an 12.5% SDS-polyacrylamide slab gel and analysed by immunobloting, as described previously (Sekiguchi et al., 1991) . Immunoblotting was performed using an ECL kit (Amersham, Arlington Heights, IL) as recommended by the supplier.
Macromolecular synthesis
To measure DNA synthesis, 2 mCi of [ 3 H]thymidine with 1.21 mg/ml of thymidine was added to cell culture for 2 h and cells were collected and processed as previously described (Sekiguchi et al., 1987) . The incorporated radioactivity was counted in a scintillation counter.
Isolation of nucleic acids and ®lter hybridization
The cells were collected at 24 h after Tet removal and processed for RNA extraction as described (Sekiguchi et al., 1988) . Ten mg of total RNA per lane were electrophoresed in a 1.5% agarose-formaldehyde gel, transferred to nitrocellulose and crosslinked by U.V. irradiation. Northern blotting was performed as described (Sekiguchi et al., 1988) . A human p21 DNA probe was kindly provided by Dr A Noda (Noda et al., 1994) . Hamster p21 cDNA was isolated from a hamster cDNA library using mouse p21 cDNA as a probe.
DNA fragmentation
The cells attached to, and detached from dishes were collected by centrifutation, and DNAs were extracted and processed for electrophoretic analysis with 2.0% agarose gel in TAE buer (0.04 M Tris-acetate, 1 mM EDTA) as described (Laird et al., 1991) . The gel was stained with SYBR green I (FMC BioProducts, Rockland, ME). DNA molecular weight markers (100 bp ladder) was purchased from Promega.
